Abstract: This study intended to compare bone density and architecture in three groups of women: young women with anorexia nervosa (AN), an age-matched control group of young women, and healthy late postmenopausal women. Three-dimensional peripheral quantitative high resolution computed-tomography (HR-pQCT) at the ultradistal radius, a technology providing measures of cortical and trabecular bone density and microarchitecture, was performed in the three cohorts. Thirty-six women with AN aged 18-30years (mean duration of AN: 5.8years), 83 healthy late postmenopausal women aged 70-81 as well as 30 age-matched healthy young women were assessed. The overall cortical and trabecular bone density (D100), the absolute thickness of the cortical bone (CTh), and the absolute number of trabecules per area (TbN) were significantly lower in AN patients compared with healthy young women. The absolute number of trabecules per area (TbN) in AN and postmenopausal women was similar, but significantly lower than in healthy young women. The comparison between AN patients and post-menopausal women is of interest because the latter reach bone peak mass around the middle of the fertile age span whereas the former usually lose bone before reaching optimal bone density and structure. This study shows that bone mineral density and bone compacta thickness in AN are lower than those in controls but still higher than those in postmenopause. Bone compacta density in AN is similar as in controls. However, bone inner structure in AN is degraded to a similar extent as in postmenopause. This last finding is particularly troubling. This study showed that the degree of deterioration patterns of bone microarchitecture in AN is high, and needs to be deeply analyzed. Especially troubling is the highly significantly reduced number of trabecules in both young AN patients and in healthy late postmenopausal women, compared to healthy young controls.
Introduction
Whereas postmenopausal osteoporosis is a common disease characterized by a systemic deterioration of bone mass and structure, generally starting in the fifth decade of life, bone loss in anorexia nervosa (AN) frequently occurs also in young age. AN usually occurs at a critical time for building up bone mass and as a result of early bone loss is often associated with severely decreased bone mineral density and impairment in bone accrual [1] . Lifetime prevalence of AN in industrialized countries is estimated at 0.5-0.9% in women, and 3-8 times less in men [2, 3] . About 50% of adolescent girls suffering from AN have a bone mineral density Z-score < -1 at one or more sites [4] .
According to the Diagnostic Statistical Manual (DSM) of Psychiatric Disorders IV [5] , AN is characterized, besides pathological eating behavior and underweight, by fear of gaining weight, distorted body size perception, and amenorrhea in women. Low bone mass and density in AN is due to nutritional deficiencies and alterations in multiple neuroendocrine axes, such as hypogonadism, low insulin-like growth factor-1 and relative hypercortisolemia [1] . In women after menopause, sexual hormone deficiency is assumed to be a precipitating cause of increased bone resorption resulting in osteopenia or osteoporosis. Bone loss in AN, as well as after menopause, often leads to increased bone fragility with a high risk of consequent fractures. Bone microarchitecture and its changes is a key to understand the mechanisms and frequency of fractures. High-resolution peripheral computed tomography (HR-pQCT) is a novel radiologic method that permits high resolution three dimensional measurement of trabecular and cortical bone structure at several locations, mostly at the ultradistal radius and proximal tibia.
In our previous studies, we could demonstrate -by means of HR-pQCT -that AN affected in young women both trabecular and cortical bone, and despite weight increase, improvement of bone density and microarchitecture showed heterogeneous courses at different locations after two years [6, 7] . In general, a comparison between a patient group with altered bone density/structure, and groups of healthy young as well as late postmenopausal subjects will be helpful for a deeper understanding of pathological changes and their impact on bone structural strength. In the present work, we compare bone density and microarchitecture at the ultradistal radius with HR-pQCT technology in three different female cohorts: anorexic, healthy late postmenopausal women, and healthy young women.
Material and methods

Subjects
AN patients were recruited among subjects attending the Psychiatric/Psychotherapeutic Department of the University Hospital of Zurich (USZ). The diagnosis of AN was made according to DSM IV [5] at the Psychiatric Outpatient Department (Section of eating disorders) of the USZ. The AN group consisted of 36 women aged between 18 and 30 years.
Pregnant women were excluded from the study. Age, Body Mass Index (BMI), and age at menarche are described in Table 1 . All AN patients had a BMI below 17. All participants completed questionnaires on socio-demographic data, weight condition and anthropometric data and were examined by a rheumatologist. Furthermore, AN patients and healthy young controls reported on eating disorders, (under)weight history, menstruation, use of medication, hormonal substitution or contraceptives, as well as the intake of vitamins, minerals, or calcium products.
The healthy young control group was composed by a total of 30 women recruited among students of Medicine and Psychology at the University of Zurich. Inclusion criteria were: age 18-30, no current or lifetime eating disorder, no underweight (i.e. current BMI above 18) and no regular intake of medications (except oral contraceptives), neither bone nor other general diseases. The mean current age and mean age at menarche did not differ from the AN group (see Table 1 ).
The study was approved by the Ethics Committee of the Psychiatric Department of the University Hospital Zurich. All participants gave written informed consent.
Data acquisition
Bone mineral density and bone micro-architecture were measured at the ultradistal radius of the non-dominant forearm by means of high resolution multislice three-dimensional peripheral quantitative computer-tomography (HR-pQCT) (Scanco Medical AG, Bassersdorf, Switzerland) [8, 9] . This is a valid methodology for the study of bone microarchitecture, since it measures true volumetric BMD, distinguishes between cortical and trabecular compartments and has adequate resolution to measure cortical and trabecular structure [10] .
The measurement protocol included acquisition of a stack of 60 high-resolution CT slices. The average short-term precision of the multislice high-resolution 3D-pQCT after repositioning is 1.1% for Dtrab and 1.6% for structural parameters such as TbN [8, 9] .
Statistical analysis
All parameters were normally distributed according to Kolmogorov-Smirnov and Shapiro-Wilk tests at a significance level of =0.05. Box-plots were produced for each parameter that were tested for group differences by means of ANOVA (factor "group", i.e. AN, postmenopausal and controls) with post-hoc tests with Bonferroni correction. Differences were considered non-significant for p>0.05, significant for p<0.05, very significant for p<0.01 and extremely significant for p<0.001. Statistical tests were performed by means of PASW statistical software package V. 18 for Windows (SPSS Inc. Chicago IL, USA). Table 1 shows the demographic data of the three groups; table 2 lists the parameter values of bone density and microarchitecture, whereas table 3 shows the significances (p-values) of the parameters according to the post-hoc tests in the ANOVA. The parameter data and the significance of their differences are represented also in the box-plots of Fig. 1 .
Results
The HR-pQCT technology at the ultradistal radius could clearly demonstrate that D100 and CTh are significantly lower in anorexic women compared with in healthy young controls.
In AN patients the number of trabecules (Tb.N) and the trabecular separation (Tb.Sp) were highly significantly different from those of the young controls. In healthy young controls, the number of trabecules was significantly higher (p<0.001) and the trabecular separation was significantly lower (p=0.003) but not in healthy late postmenopausal women (p=1.00 and p=0.112 respectively) (s. Fig. 1 ). In addition, healthy late postmenopausal women showed significantly lower values of the following densitometrical and structural parameters at the ultradistal radius compared to both anorexic women and healthy young controls: the integral bone density (D100), the bone density of the cortical compartment (Dcomp), the absolute thickness of the cortical zone (CTh), the density of the trabecular compartment (Dtrab), the density of the sub-cortical area of the trabecular bone (Dmeta), the relative bone volume as part of the total volume (BV/TV) and the mean thickness of the trabecules.
Discussion
In the present study, using HR-pQCT technology at the ultradistal radius, significant differences could be found in bone density and microarchitecture between three local Swiss cohorts: young women with AN, healthy late postmenopausal controls, and healthy young women age-matched with the AN patients: The main finding is the observation that trabecular number is rapidly affected in AN, and that cortical bone is only moderately compromised as compared to healthy young women.
As expected, all bone microarchitectural parameters showed bone deterioration in otherwise healthy late postmenopausal women compared with healthy young women. The integral (cortical and trabecular) bone density of the ultradistal radius was also markedly (D100 only moderately) affected in AN patients compared to young controls, thus confirming that AN patients significantly lose bone mass, a well-known fact reported by several studies over almost three decades [11] [12] [13] [14] . Interestingly, we found no significant difference in bone density of the cortical part of the ultradistal radius (Dcomp) and no significant difference in trabecular thickness (TbTh) between anorexic and healthy young women. In young AN patients, the cortical bone density is only marginally affected compared to age matched controls. This fact is in line with our previous work [6]. The extremely significant differences between young patients with AN and healthy late postmenopausal patients in the subcortical bone and trabecular area evidence the influence of bone degradation due to ageing.
The most alarming finding of this study is the high degree of alteration of the trabecular bone in AN, similar to the degree of alteration in postmenopausal women. Indeed, the values of the parameter TbN lead to the assumption that a similar process of dissolution of whole trabecules might happen already in young patients with AN. These results therefore suggest insidious consequences of AN on the intimate cancellous bone structure, whereas its cortical area, at least in its density appears hardly affected.
Some studies reported that bone loss characteristics of AN are more severe than the commonly seen post-menopausally-induced bone loss (e.g. [15] ). The present study cannot fully support this statement while permitting a direct and more differentiated comparison of bone microarchitecture among three key groups: in young AN patients the cortical bone is only marginally affected in comparison to that of healthy young controls, whereas the degradation of the trabecular bone is comparable to that occurring in healthy late postmenopausal women.
Osteoporosis is caused by a bone remodeling disturbance in which bone resorption exceeds bone formation [16] . Whereas trabecular bone is severely affected already after few years (around 6) in AN patients, in postmenopausal women a similar break-down occurs over a longer time span (around 25 years). These findings suggest that the microstructural bone damage in young AN patients is a complex multifactorial process of nutritional deficiencies and alterations along multiple neuroendocrine axes [17] .
The present study is to our knowledge the first one using cutting-edge technology to compare bone microarchitecture across different conditions. Furthermore, the use of local cohorts increases the significance of the results, because it minimizes bias due to different environments, ethnicities and cultural and socioeconomic situations.
It must be noted that in this study only the HR-pQCT technology was used and that the three cohorts, above all the otherwise healthy late postmenopausal women, were not characterized by the gold standard dual-energy X-ray absorptiometry (DXA) and the question whether this group is representative for late postmenopausal women cannot be fully answered. On the other hand, DXA technology does not distinguish between cortical and trabecular compartments, whereas HR-pQCT is an appropriate and valid method that assesses bone microstructure [18, 19] . A further limitation of this study is that current or lifetime eating disorders was assessed in the young controls but not in postmenopausal women. This should not affect our results because the prevalence of anorexia nervosa in the general population is low, and even a hypothetical presence of a few postmenopausal subjects with a history of AN would very likely not change the results. Some clues to pathogenesis could be provided if a further comparison group of recovered AN women would be analyzed. In order to better understand the pathophysiology of bone loss in AN, future studies should beside HR-pQCT methodology also collect the numerous endocrinological parameters implicated in bone metabolism [17] .
Conclusion
By using HR-pQCT technology, it was possible to observe that the trabecular number is rapidly affected in AN, and that -alarmingly -the degree of the alterations of this bone compartment is comparable with the situation in postmenopausal women. On the contrary, the cortical and subcortical bone of patients with AN was less severely compromised in comparison with healthy postmenopausal women. This data underlines the potentially insidious effects of AN on bone in young patients. Prospective studies should clarify the mechanism and the reversibility of these processes on the bone intimate structure.
Figure 1
Comparison between patients with anorexia nervosa, postmenopausal women and young healthy women. Box plots and significances. 
